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Abstract Heterogeneous ice nucleation in deposition mode
of montmorillonite mineral dust aerosol particles exposed
to atmospheric trace gases (ammonia, sulfur dioxide, and
ozone) was studied at temperatures warmer than −40°C
with a continuous flow diffusion chamber. Pure and typical
polluted atmospheric concentrations of ammonia, sulfur
dioxide, and ozone gases were used to age montmorillonite
mineral dust aerosol particles at room temperature and
atmospheric pressure in a stainless steel chamber. Ammonia-,
sulfur dioxide-, and ozone-exposed montmorillonite mineral
dust aerosols act as ice nuclei in heterogeneous deposition
freezing at warmer temperatures than required for homoge-
neous freezing. The ice nucleation efficiency of montmoril-
lonite mineral dust aerosols increased about two times due to
exposure to ammonia at a typical atmospheric concentration
of about 100 ppt. This is the first experimental evidence for
the enhancement of the ice nucleation efficiency of mont-
morillonite mineral dust aerosols by ammonia gas at typical
atmospheric concentrations. Montmorillonite exposure to
either pure (100%) or 45 ppm sulfur dioxide or to ozone at
200 ppb shows no clear evidence for changing the ice
nucleation efficiency of montmorillonite mineral dust par-
ticles. Thus, we conclude that enhancements atmospheric trace
gases (e.g., sulfur dioxide and ozone) due to anthropogenic
activities have no significant impact on the heterogeneous ice
nucleation of montmorillonite mineral dust particles.
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Introduction
Atmospheric dust aerosol particles have a direct impact on
climate forcing by modifying the radiation balance and
affecting cloud nucleation and cloud optical properties
(Forster et al. 2007; McConnell et al. 2007). Changes in
cloud optical properties and cloud lifetime are the key
elements contributing to the indirect aerosol radiative effect
(Lohmann and Feichter 2005). Cloud radiative properties can
be modified when aerosol dust particles act as cloud
condensation nuclei or ice nuclei (Twomey 1974; Pruppacher
and Klett 1997; Ramanathan et al. 2001). The activity of ice
nuclei is important for the rate at which supercooled clouds
will glaciate, the ability of clouds with moderate to weak
supercooling and updrafts to precipitate, and for the lifetime
of supercooled clouds. The possibility that atmospheric trace
gases can modify the activity of ice nuclei means that
anthropogenic emissions of gases may indirectly impact
cloud properties through the ice nucleation pathway.
Four ice nucleation mechanisms are already recognized
(Vali 1985; Rogers and Yau 1989). The first of these is
deposition nucleation in which a direct transition from
vapor to solid (ice) occurs on a foreign particle (ice
nucleus) in an environment supersaturated with respect to
ice without the intermediate liquid phase formation. The
second mechanism is condensation freezing nucleation,
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which initially requires condensation of liquid water from
the vapor onto an ice nucleus surface. The liquid then
freezes to form an ice crystal. The third process is
immersion freezing in which ice nuclei embedded in a
droplet initiate freezing to form an ice crystal. The fourth
mechanism is contact freezing in which ice nuclei promote
freezing instantly when they come in contact with a
supercooled droplet. The focus of this work is on the
heterogeneous ice nucleation in deposition mode on
mineral dust aerosol particles.
Mineral dust particles are one of the most abundant
aerosols by mass in the atmosphere (Andreae et al. 1986;
Penner and Lagaly 2001). Mineral dust aerosols are thought
to play an important role as ice nuclei in mixed phase and
ice clouds in the atmosphere (Zuberi et al. 2002; DeMott et
al. 2003). Evidence of Asian desert dust particles acting as
effective ice nuclei at temperatures warmer than that
required for homogeneous freezing was obtained from
continuous flow diffusion chamber data (DeMott et al.
2003). Different field and laboratory studies have shown
that mineral dust aerosol particles act as effective ice nuclei
in either deposition or condensation nucleation modes
(Kumai 1961; Kumai and Francis 1962; DeMott et al.
2003; Sassen et al. 2003; Sassen 2005; Archuleta et al.
2005; Diehl et al. 2006; Field et al. 2006; Kanji and Abbatt
2006; Knopf and Koop 2006; Möhler et al. 2006; Salam et
al. 2006). Archuleta et al. (2005) reported pure metal oxide
and sulfuric-acid-coated metal oxide particles activated by
heterogeneous ice nucleation at lower relative humidities
than those required for homogeneously freezing of sulfuric
acid solution particles with a continuous-flow ice thermal
diffusion chamber. Knopf and Koop (2006) found that
uncoated and sulfuric-acid-coated Arizona test dust par-
ticles nucleate ice at considerably lower relative humidities
than required for homogeneous ice nucleation between the
temperatures of −70°C and −13°C. No significant differ-
ence was observed in the ice nucleation ability of uncoated
and sulfuric-acid-coated Arizona test dust particles (Knopf
and Koop 2006). From the table in Diehl et al. (2006), it
can be seen that the warmest median freezing temperature
in the contact mode was found for bacteria, followed by
montmorillonite, leaf litter, pollen, kaolinite, and finally by
soot particles. In the immersion mode, all biological
particles showed higher median freezing temperatures than
the mineral dust particles and soot. Montmorillonite can
also act as an efficient ice nucleus in immersion mode,
causing aqueous (NH4)2SO4–H2O particles to freeze at
warmer temperatures (Zuberi et al. 2002).
The atmospheric trace gases (ammonia, sulfur dioxide,
and ozone) used in this study are produced mainly by
anthropogenic activities. Mineral dust is recognized as a
potential sink for some atmospheric trace gases such as
ammonia (Russell 1965) and sulfur dioxide (Ullerstam et al.
2003; Usher et al. 2003). In earlier studies, Birstein (1957,
1960) investigated the chemisorption of trace gases on the
surface of silver iodide and lead iodide and, subsequently,
their impact on ice formation in a super-cooled cloud at
−20°C. They found that the presence of ammonia gas
decreased the ice nucleation ability of silver iodide
particles. The interactions of the trace gases with mineral
dust particles have been studied (Russell 1965; Ogloza and
Malhotra 1989; Umann et al. 2005). However, the potential
impact of trace gases on ice nucleation is still not well
understood.
In this study, we report the results of the ice nucleation
characteristics of montmorillonite mineral dust aerosols that
have been exposed to the atmospheric trace gases ammonia,
sulfur dioxide, and ozone at temperatures between −10°C
and −40°C at different saturation conditions with the
continuous flow diffusion chamber (CFDC) at Dalhousie
University, Canada. Typical polluted urban atmospheric
concentrations of the three trace gases were used in the
ageing of the montmorillonite mineral dust aerosol particles
for the ice nucleation study. This represents an improve-
ment over Salam et al. (2007) where the levels of ammonia
used were larger than found in the atmosphere. Also new in
this study is the aging of montmorillonite with sulfur
dioxide and ozone and their ice nucleation characteristics.
Experimental description
Ozone generation
A commercially available ozone generator (Ozone Services,
Yanco Industries Ltd., Model OL80, Canada) was used for
ozone production. Ozone is produced from oxygen gas
where the oxygen flow rate can vary between 0 and
1,000 mL min−1. The production efficiency of this
instrument is up to 12.5% (by weight). An oxygen gas
cylinder (Prax Air Ltd., Canada) was connected to the input
of the ozone generator, while the output of the ozone
generator was blended with nitrogen gas (Prax Air Ltd.)
through two sets of flow meters (Advanced Specialty Gas
Equipment, Part Number 463114) to dilute the ozone gas to
as low as a few parts per trillion (ppt). The diluted ozone
gas was then allowed to interact with the montmorillonite
mineral dust particles in the aging chamber as described
below.
Trace gas exposure to mineral dust particles
Montmorillonite mineral dust particles were aged with the
atmospheric trace gases in a stainless steel cylindrical
chamber (45 cm long with a diameter of 20 cm). About 5 g
of montmorillonite K10 (Sigma-Aldrich, Powder) mineral
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dust particles was placed on the bottom of the cylindrical
chamber for each aging session. Ammonia (100% pure and
100 ppt in N2 gas medium), sulfur dioxide (100% pure and
45 ppm in N2 gas medium), and ozone from the ozone
generator (200 ppb) were allowed to pass into the chamber
with occasional stirring so that the gas exposure would be
uniform on the montmorillonite dust surface. Montmoril-
lonite particles were exposed about 2.5 h with 100% pure
ammonia and 100% pure sulfur dioxide and 70 h with
100 ppt ammonia, 45 ppm sulfur dioxide, and 200 ppb
ozone gas. The diluted concentrations of ammonia, sulfur
dioxide, and ozone are typical of highly polluted urban
environments (Godish 2003).
Generation of aerosol particles and impaction
Unexposed montmorillonite and ammonia-, sulfur dioxide-,
and ozone-gases-exposed montmorillonite mineral dust
particles were placed into the CFDC aerosol generator.
The details of the aerosol generator and also the impaction
system were described previously (Salam et al. 2006).
Briefly, the generator is an airtight reservoir with a
vibrating Mylar membrane at its base held in place with
an aluminum collar and an o-ring seal and is vibrated using
a square wave generator at 1,000 Hz. The aerosol particles
levitated by the generator were introduced to the flow
entering the diffusion chamber. Before entering the cham-
ber, the aerosol particles passed through an inertial impactor
(Marple and Willeke 1976; Salam et al. 2006) to remove
particles larger than 5.0 μm, allowing only montmorillonite
mineral dust particles smaller than 5.0 μm to enter the
CFDC.
Description of the CFDC system
The CFDC (Salam et al. 2006) was used to carry out the ice
nucleation experiments. Figure 1 shows a detailed schema-
tic diagram of the CFDC system. The CFDC is a vertically
oriented flow chamber consisting of two concentric circular
copper cylinders. The length of the chamber is 161 cm, the
top 123 cm is cooled, while the bottom 38 cm has no active
cooling. The region without cooling is kept at ice
saturation. It is needed to evaporate any water droplets that
might have potentially formed and could be misinterpreted
as ice crystals by the particle counter at the exit of the
CFDC. The annular gap between the two cylinders, in
which the ice crystals grow, is 0.45 cm, and this results in a
Reynolds number of about 20, indicative of laminar flow in
the annulus gap. Prior to each experiment, the annulus gap
of the chamber was flooded with water for about 2 s in
order to freeze a thin film of ice on the inside walls. During
the experiment, the two walls are held at two different
temperatures at ice saturation to allow the diffusion of heat


































Fig. 1 Schematic diagram of the continuous flow diffusion chamber
(CFDC) at Dalhousie University, Canada. Arrows indicate the airflow
in the CFDC system. EWLDT external water level detection tube, WT
water tank, WP water pump, DR drierite holder, F inline filter, FM
flow meter, PD pulse dampeners, AP air pump, IM impactor, HD
computer hard disk
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with respect to ice near the center of the annulus gap
through which the aerosols are carried and, if activated, will
grow by water vapor deposition to ice crystals. The air
stream containing the aerosols is surrounded by two clean
sheath air streams which confine all the aerosols to the
center of the annulus gap where the ice supersaturation
conditions exist. Typical operating conditions of the
chamber are temperatures between −2°C and −45°C,
temperature differences between two walls from 0°C
(273°K) to 20°C (293°K), supersaturation with respect to
water (SSw) −30% to +10%; supersaturation with respect to
ice 0% to +50%, total air flow 2.83 L min−1, and residence
time for the aerosol particles in the actively cooled portion
of the chamber of 20 s. Further details of the CFDC can be
found in Salam et al. (2006).
Determination of ice crystals
The ice crystal particles were detected with a MetOne
(Model 278B) optical particle counter at the outlet of the
CFDC (Salam et al. 2006, 2007). Aerosol particles smaller
than 5.0 μm in diameter produced by the aerosol generator
were injected into the center of the gap near the location of
the maximum supersaturation. Ice crystals were activated
and grew in the chamber while being carried by the air
stream and were identified with the MetOne (model 278B)
optical particle counter. The flow rate of the MetOne
particle counter is 2.83 L min−1, which is the same as the
chamber flow (sum of the aerosol and the two sheath
flows). The MetOne particle counter can measure particles
with sizes from 0.3 to 20 μm using six size bins (0.3, 0.5,
0.7, 1.0, 2.0, and 5.0 μm size bin). In this study, we used
only the size bin greater than 5.0 μm for the ice crystal
number concentration measurements, which range from
5.0 to 20 μm. An aerodynamic particle sizer (APS), TSI
3321 (Peters and Leith 2003), was used to verify the
accuracy of MetOne particle counter (model 278B).
Unfortunately the APS could not be used for detection of
the ice crystals at the bottom of the CFDC. The total
number concentrations of montmorillonite mineral dust
particles were measured with both the MetOne and APS,
and they agreed within 5% of each other for the same size
bin. Since the impactor at the input to the CFDC removes
aerosol particles larger than 5.0 μm, we can assume, after
performing the quality controls described in the next
subsection, that particles greater than 5.0 μm detected by
the MetOne are ice crystals. The detected ice nuclei
fraction (IC>5/APS<5) was calculated from the ratio of the
total number of ice crystals larger than 5 μm detected by
the MetOne during the growth experiment (IC>5) to the
average of the total number of aerosol particles smaller
than 5.0 μm (APS<5) measured before and after each ice
nucleation experiment.
Quality control of the CFDC measurements
Filtered and dried air was used for both the sheath and aerosol
flows. An ULPA air filter preceded by a HEPA air filter
removed 99.97% of the ambient aerosols larger than 0.1 μm.
The air streams were dried down to a dew point of −73°Cwith
anhydrous calcium sulfate Drierite (W.A. Hammond Drierite
Co.). To check for the presence of any ice particle artifacts,
both blank and dry experiments were conducted. In a blank
experiment, no aerosol particles are input into the chamber
flow, but the chamber walls are coated with ice. In a dry
experiment, aerosol particles are input into the chamber, but
there is no ice coating on the chamber walls. Before running
any blank experiment, we passed dried and filtered air into the
CFDC for about 8 h to remove all particles that may have
remained inside the system from the previous experiment.
We used the total aerosol particle number concentrations
smaller than 5.0 μm (APS<5) averaged before and after the
ice nucleation experiments in the calculation of the detected
percentage of ice activation because it was not possible to
measure the input aerosol number concentrations during the
actual ice nucleation experiment. However, this does not
pose any difficulties due to the high reproducibility (±5%)
of the input aerosol number concentration. Since we are
unable to differentiate between aerosol and ice particles less
than 5.0 μm in diameter using the MetOne particle counter
at the exit of the CFDC, we assume that all particles greater
than 5.0 μm at the bottom of the CFDC are ice crystals.
Hence, we are unable to report a total ice nucleation rate,
but rather report the ice nucleation percentage based on the
ratio of ice crystals that grew to sizes larger than 5.0 μm to
the pre-nucleation particle concentration.
To rule out the possibility of hygroscopic growth by the
aerosol particles within the CFDC, it was checked whether
montmorillonite adsorbed enough water vapor to grow
larger than 5.0 μm. The test was done by setting the
temperature of both ice-covered walls of the chamber to
−2°C. The relatively warm temperature of −2°C was chosen
in order to get very close to water saturation conditions
(98.1% relative humidity with respect to water, RHw) in the
chamber. The detected ice crystal fraction (IC>5/APS<5)
was only 0.04% at the outlet of the chamber, which is
within the noise level as determined by the blank as well as
the dry experiments. We did hygroscopic growth experi-
ments for trace-gas-exposed montmorillonite dust aerosol
particles as well. The results showed that there were no
differences in detected fraction of ice nuclei (on average
about 0.038%) between trace-gas-exposed and non-exposed
montmorillonite, i.e., there was no hygroscopic growth of
dust particles. Moreover, we also carried out ice nucleation
experiments using water vapor instead of trace gases to age
the montmorillonite dust aerosols. The results indicated that
water vapor has no significant effect on the ice nucleation
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ability of the montmorillonite dust aerosol particles. We
also ran ice nucleation experiments after degassing of the
trace gases from montmorillonite dust surfaces. Trace-gas-
exposed montmorillonite mineral dust particles were
degassed at room temperature under a vacuum pressure of
1.3×10−4 atmospheres. About 2.0 g of gas-exposed
montmorillonite dust particles were placed in an aluminum
container which was placed into a vacuum jar and
maintained at vacuum for about 24 h. The degassed
montmorillonite was used for ice nucleation experiments.
The results indicate that degassing has no effect on the ice
nucleation of ammonia-, sulfur dioxide-, and ozone-
exposed montmorillonite particles.
Results and discussion
Ice nucleation of ammonia-exposed montmorillonite
Ice nucleation experiments of montmorillonite mineral dust
particles with and without ammonia exposure were carried
out at temperatures between −10°C and −40°C at 90%
RHws. The corresponding relative humidity with respect to
ice (RHi) is given in Table 1. The same temperature and
humidity conditions were used for the other trace gas
experiments described below. A previous study with 100%
pure and 25 ppm ammonia-exposed montmorillonite
showed that ammonia gas enhanced the ice nucleation
efficiency of the montmorillonite dust aerosols by a factor
of 2 to 8 as compared to unexposed montmorillonite (Salam
et al. 2007). The 25 ppm ammonia concentration used in
Salam et al. (2007) was about 3,000 times higher than
polluted atmospheric ammonia concentrations (Godish
2003). In the current study, a more realistic atmospheric
concentration of ammonia gas of 100 ppt was used to
observe the impact on the ice nucleation of the ammonia-
exposed montmorillonite. Figure 2 shows the detected
fraction of ice nuclei versus temperature of the unexposed
montmorillonite, 100% pure ammonia-exposed montmoril-
lonite, and 100 ppt ammonia-exposed montmorillonite at
90% RHw. The ammonia gas aging times are 2.5 h for
100% pure ammonia and 70 h for 100 ppt ammonia for all
experiments. These exposure times were chosen because
the ice nucleation efficiency of 100% pure ammonia-gas-
aged montmorillonite attains saturation within 2 h, and
25 ppm ammonia reached saturation within 18 h (Salam et
al. 2007). An exposure time of 70 h represents an average
lifetime of dust particles in the atmosphere (Textor et al.
2006). The efficiency of montmorillonite dust particles to
act as ice nuclei at 90% RHw increased two times at
temperatures from −30°C to −20°C, respectively, due to the
modification of the montmorillonite dust surface with
100 ppt ammonia gas after aging for about 70 h. This is
the first experimental evidence for the enhancement of the
montmorillonite ice nucleation efficiency due to the
modification of the dust surface with ammonia at typical
polluted atmospheric concentrations. However, anthropo-
genic enhancement of ammonia concentrations in the
atmosphere may alter the cloud properties due to their































) 100% NH3 Aged MONT
100 ppt NH3 aged MONT
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Fig. 2 Percentage of detected fraction of ice nuclei versus tempera-
ture of unaged montmorillonite (MONT), 100 ppt and 100% pure
ammonia-exposed montmorillonite mineral dust aerosols, respectively,
at 90% relative humidity with respect to water [RHw; the
corresponding relative humidity with respect to ice (RHi) is given in
Table 1]. The exposure time was 2.5 h for 100% pure ammonia gas
and 70 h for 100 ppt ammonia gas exposure on the montmorillonite
mineral dust surface. The percentage of activated ice nuclei (IC>5/
APS<5) was calculated from the ratio of the total number of ice
crystals larger than 5.0 μm (IC>5) to the average of the total number of
aerosol particles smaller than 5.0 μm (APS<5) before and after the ice
nucleation experiments. The vertical bars refer to the standard
deviation of the 15 measurements conducted at each temperature
Table 1 Experimental RHw and corresponding RHi in percentage for
unexposed montmorillonite and trace-gas-exposed montmorillonite at
different temperatures
Temperature (°C) Corresponding RHi (%)
For








The calculations for the saturation pressures are given in Salam et al.
(2007)
a Actually, temperature was −10.2°C and the SSw was 90.6%
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Ice nucleation of sulfur-dioxide-exposed montmorillonite
The influence of sulfur dioxide on the ice nucleation of
montmorillonite mineral dust aerosols was investigated at
two different concentrations (100% pure and 45 ppm SO2
in N2 gas medium). The detected fraction of ice nuclei (%)
versus temperature of sulfur-dioxide-exposed montmoril-
lonite at 90% RHw are shown in Fig. 3. The gas exposure
times to montmorillonite are 2.5 h for 100% pure SO2 and
70 h for 45 ppm SO2. The variation of the ice nucleation
activity of sulfur-dioxide-aged montmorillonite with expo-
sure times shows that sulfur dioxide gas exposure times
have no effect on the montmorillonite ice nucleation
efficiency. Note that the sulfur dioxide exposure time (as
well as that of ozone as discussed below) is the same as for
ammonia gas to maintain uniformity among the different
gases. The detected fraction of ice nuclei increases with
decreasing temperature for both 100% pure and 45 ppm
SO2-exposed montmorillonite. The ice nucleation activities
of unaged montmorillonite and SO2-exposed montmoril-
lonite were observed at much warmer temperatures (be-
tween −15°C and −20°C) than homogeneous freezing.
There is no significant difference in ice nucleation
efficiency between unaged montmorillonite, 100% pure
SO2-aged montmorillonite, and 45 ppm SO2-aged mont-
morillonite under the current experimental conditions.
Atmospheric sulfur dioxide (SO2) converted to sulfuric
acid (H2SO4) through oxidation process (Usher et al. 2003;
Umann et al. 2005). Thus, both SO2 and H2SO4 increase as
a result of anthropogenic emissions of sulfur dioxide.
Evidence shows that sulfuric acid coating on dusts particles
does not change the ice nucleation ability of pure dust
aerosols (Knopf and Koop 2006). We reached the same
conclusion for SO2 such that it has no noticeable impact on
the heterogeneous ice nucleation of montmorillonite dust
aerosols.
Ice nucleation of ozone-exposed montmorillonite
Montmorillonite mineral dust aerosol particles were ex-
posed to ozone gas at a polluted urban atmospheric
concentration of 200 ppb. The exposure time for ozone to
the montmorillonite mineral dust particles was 70 h. The
ozone exposure times had no effect on the ice nucleation
efficiency of the aged montmorillonite. Figure 4 shows the
detected fraction of ice nuclei in percentage (%) versus
temperature at 90% RHw after exposure to ozone gas.
Ozone-exposed montmorillonite acts as efficient ice nuclei,
with the ice nucleation efficiency increasing with decreas-
ing temperature. There is no significant difference in the ice
nucleation efficiency between ozone-exposed and unex-
posed montmorillonite between the temperatures of −15°C
and −40°C. Enhancement of the ozone concentrations in
the atmosphere due to anthropogenic activities does not
change the ice nucleation efficiency of the montmorillonite
mineral dust aerosol particles either.
Interpretation and atmospheric implications of the results
Fourier transform infrared measurements revealed that
ammonia gas chemically adsorbed on the montmorillonite
surface (Salam et al. 2007). Adsorption may take place by




























) 100% SO2 aged MONT
45 ppm SO2 aged MONT
Unaged MONT
Fig. 3 Percentage of detected fraction of ice nuclei (as defined in
Fig. 2) versus temperature of unaged montmorillonite, 100% pure and
45 ppm sulfur dioxide gas-exposed montmorillonite at 90% relative
humidity with respect to water [RHw; the corresponding relative
humidity with respect to ice (RHi) is given in Table 1]. The exposure
time for these experiments was 2.5 h for 100% pure sulfur dioxide and
70 h for 45 ppm sulfur dioxide. The vertical bars refer to the standard
deviation of the 15 measurements conducted at each temperature
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Unaged MONT
Fig. 4 Percentage of detected fraction of ice nuclei (as defined in
Fig. 2) versus temperature for unaged montmorillonite and 200 ppb
ozone-exposed montmorillonite mineral dust aerosols at 90% relative
humidity with respect to water [RHw; the corresponding relative
humidity with respect to ice (RHi) is given in Table 1]. The ozone gas
exposure time on montmorillonite dust surface was 70 h. The vertical
bars which are barely visible are the error bars equal to the standard
deviation of the 15 measurements conducted at each temperature
140 Air Qual Atmos Health (2008) 1:135–142
ammonium ions with the functional groups on the surface
of the montmorillonite (e.g., Russell 1965; Dontsova et al.
2005). The adsorption of ammonia gas on the montmoril-
lonite surface increases the possibility of liquid water
uptake through hydrogen bonding, exchanging cations, or
the formation of ammonium salts. That enhances the
possibility of ammonia-exposed montmorillonite ice nucle-
ation efficiency in the deposition nucleation mode. This
may explain how the ice nucleation efficiency of ammonia-
gas-exposed montmorillonite mineral dust particles is
enhanced.
On the other hand, there is no significant effect in the ice
nucleation efficiency of montmorillonite after exposure to
sulfur dioxide or ozone gases. One possible reason may be
that they do not undergo any chemical interactions with
montmorillonite dust aerosols. The literature suggests that
there is very little interaction between mineral dusts and
sulfur dioxide (Umann et al. 2005; Usher et al. 2003).
Actually, different correlations (positive, negative, and no
correlation) were detected between mineral dust and sulfur
dioxide gas (Umann et al. 2005). In the case of ammonia-
aged montmorillonite, the hydrogen atoms of ammonia
interact with oxygen atoms of either the hydroxide (–OH)
or silicates (Si3O4
2−) on the surface of montmorillonite.
However, sulfur dioxide and ozone both have oxygen
atoms that do not interact or do not have strong attraction
towards silicates or hydroxide groups on the surface of
montmorillonite dusts. This may explain why sulfur-
dioxide- and ozone-exposed montmorillonite do not exhibit
an enhanced attraction towards the water vapor when they
come into contact in the CFDC chamber flow and therefore
be a factor in the lack of observed enhanced ice nucleation.
The potential role of the increasing concentrations of
atmospheric trace gases, sulfur dioxide, and ozone due to
anthropogenic activities do not have a significant effect on the
ice nucleation efficiency of mineral dust aerosols, suggesting
that these two gases have no impact on the change of the cloud
properties, whereas increasing concentrations of ammonia gas
have the ability to enhance the ice nucleation efficiency of
montmorillonite mineral dust aerosols, which may subse-
quently change the cloud properties.
Conclusion
The effect of sulfur dioxide, ozone, and ammonia on the ice
nucleating ability of montmorillonite mineral dust aerosol
particles in deposition mode was studied for different
temperature and saturation conditions with the Dalhousie
University Continuous Flow Diffusion Chamber. Pure and
polluted atmospheric concentrations of the trace gases were
used for the aging of montmorillonite mineral dust aerosols.
The sulfur dioxide-, ozone-, and ammonia-exposed mont-
morillonite act as efficient ice nuclei at the warmer lower
tropospheric temperatures of −15°C to −40°C. Sulfur
dioxide and ozone exposure do not significantly enhance
nor inhibit the ice nucleation ability of montmorillonite
mineral dust particles under the current experimental
conditions. Ammonia gas exposure enhanced the ice
nucleation efficiency of montmorillonite mineral dust by a
factor of 2 at the typical concentrations found in polluted
environments. Our study suggests that increasing levels of
anthropogenic sulfur dioxide and ozone do not have a
significant effect on the ice nucleation of montmorillonite
mineral dust and have no effect on the change of the clouds
properties, whereas increasing concentrations of ammonia
gas have the ability to enhance the ice nucleation efficiency
of montmorillonite mineral dust aerosol particles, which
may subsequently change the cloud properties.
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